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A B S T R A C T
In this study, the information that can be obtained by combining normal and high resolution single particle ICP-
MS (spICP-MS) measurements for spherical bimetallic nanoparticles (BNPs) was assessed. One commercial
certiﬁed core-shell Au-Ag nanoparticle and three newly synthesized and fully characterized homogenous alloy
Au-Ag nanoparticle batches of diﬀerent composition were used in the experiments as BNP samples. By scruti-
nizing the high resolution spICP-MS signal time proﬁles, it was revealed that the width of the signal peak linearly
correlates with the diameter of nanoparticles. It was also observed that the width of the peak for same-size
nanoparticles is always signiﬁcantly larger for Au than for Ag. It was also found that it can be reliably de-
termined whether a BNP is of homogeneus alloy or core-shell structure and that, in the case of the latter, the core
comprises of which element. We also assessed the performance of several ICP-MS based analytical methods in the
analysis of the quantitative composition of bimetallic nanoparticles. Out of the three methods (normal resolution
spICP-MS, direct NP nebulization with solution-mode ICP-MS, and solution-mode ICP-MS after the acid dis-
solution of the nanoparticles), the best accuracy and precision was achieved by spICP-MS. This method allows
the determination of the composition with less than 10% relative inaccuracy and better than 3% precision. The
analysis is fast and only requires the usual standard colloids for size calibration. Combining the results from both
quantitative and structural analyses, the core diameter and shell thickness of core-shell particles can also be
calculated.
1. Introduction
Bimetallic nanoparticles (BNPs) have appealingly tunable magnetic,
catalytic and optical properties, therefore they have been designed and
synthesized in great numbers for novel application areas in recent years
[1–3]. Synthesis routes via various chemical reactions (e.g. co-reduc-
tion, thermal processing, seeded-growth, galvanic replacement), phy-
sical methods (e.g. spark discharge, laser ablation, atomic layer de-
position) and „green”/biological approaches (based on plants or
microbes) have been equally proposed and are in use, as described in
recent reviews covering this area [4–7]. Among all BNPs, the nobel
metal-containing types are particularly popular [2].
A wide range of applications of BNPs relies on their tunable
magnetic properties, controllable by the quality of elements, their
concentration ratio, distribution and geometry (structure). Many
works demonstrated that the presence of a noble metal in the BNP
leads to high magnetic anisotropy, high saturation magnetization
and coercitivity. These features enable engineering applications such
as the fabrication of microwave absorbers or magnetic recording
media, and biomedical applications including contrast enhancing in
diagnostic magnetic resonance imaging (MGI) and magnetically di-
rected drug delivery (e.g. chemotherapeutic agents can be attached
to or encapsulated in magnetic NPs) [8,9].
Another important BNP application area is catalysis. The in-
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troduction of a second metal into a catalytic nanomaterial structure
can bring better catalytic activity, selectivity and stability, aﬀorded
by the opportunity for catalytic ﬁne-tuning relying on bimetallic
complimentarity and synergisms. Cost-savings can also be realized
by reducing the amount of more expensive metals (e.g. platinum
group elements) typically used in catalysts [2,3,5]. In addition, some
BNP catalysts have been proved to undergo a reversible change in the
surface composition and chemical state during surface chemical re-
actions, based on which the concept of „smart” catalysts was also
proposed [10].
Core-shell BNP structures have been shown to oﬀer unique op-
tical properties inaccessible by monometallic NPs, such as strong and
wide, tunable absorption bands not only in the UV–Vis [11], but also
in the NIR range, which can be exploited in plasmonic applications
[12]. For example, Au–Pd and Au-Ag core–shell NPs showed greatly
improved (e.g. 50000-fold) surface-enhanced Raman scattering
(SERS) activity compared to that of their monometallic core alone. In
addition, surface plasmon resonance (SPR) peaks of Au–Ag nano-
cages with controllable pores were found to change with the size and
location of the pores [8].
BNPs have already proved their usefulness in several biomedical
applications too. These include therapeutic uses such as local hy-
perthermic treatment and targeted drug delivery for cancer, or diag-
nostic uses, such as contrast enhancing in MRI imaging [9]. Last, but
not least, BNPs can also be used in sensor assemblies by exploiting their
advantageous features as catalytic or optical characteristics in order to
boost the selectivity and sensitivity of optical and electrochemical
sensors [13–15].
The morphological and compositional characterization of zero
dimensional nanocomposites or BNPs are traditionally done by a
combination of methods including electron microscopy (TEM, SEM-
EDS), X-ray diﬀraction (XRD), UV–Vis spectroscopy, X-ray photo-
electron spectroscopy (XPS), or atomic spectroscopy following dis-
solution [16,17]. Single particle, or particle-mode, inductively cou-
pled plasma mass spectrometry (spICP-MS) is an emerging, versatile
and high-throughput nanoparticle (NP) characterization technique.
In this technique, ICP-MS spectrometers are used in the time-re-
solved mode for the measurement of dilute nanodispersions. Each
detected NP produces a narrow signal peak (a few hundred µs in
duration) with a height that is proportional to the mass of the analyte
in the NP. The dwell time (or integration time) is typically in the
5–10 ms range in order to minimize the occurrence of signal peak
overlaps. By the statistical evaluation of the signal time proﬁles,
information can be obtained about not only the elemental (isotopic)
composition of the NPs, but also their characteristic size and dis-
tribution, as well as the particle concentration. The measurement
only takes about 100 s. For monometallic NPs, typical size detection
limits range from 10 to 30 nm [18–21]. Recently, quadrupole ICP-MS
instruments with 100 μs or less dwell times („high resolution”) be-
came available commercially (e.g. Perkin Elmer NexION). Although
the introduction of high resolution spICP-MS (HR-spICP-MS) does
provide new possibilities and certain advantages, such as oﬀering
dual-element detection capability, lowered spectral backgrounds and
resolution of particle peak proﬁles, but it also seems to generate new
drawbacks, e.g. increased split-particle events and decreased sensi-
tivity [22–24]. Nevertheless, high time resolution in spICP-MS deﬁ-
nitely provides a promising and interesting tool for the optimization
of spICP-MS analysis and for obtaining more information about the
nanoparticles.
The goal of the present study was to assess the capabilities of the
combination of normal and high time resolution ICP-MS measurements
for the characterization of the elemental composition and structure of
bimetallic nanoparticles. The experiments were performed on spheri-
cally shaped, homogenously and core-shell structured Au-Ag alloy na-
noparticles, prepared by chemical synthesis for the purposes of the
present study.
2. Experimentals
2.1. ICP-MS instrumentation and data evaluation
Two ICP-MS instruments were used in the experiments. Normal
resolution spICP-MS and solution-mode ICP-MS measurements were
performed on an Agilent 7700x type instrument (University of Szeged,
Szeged, Hungary), whereas HR-spICP-MS measurements were all car-
ried out on a Perkin Elmer NexION 350 instrument (University of
Natural Resources and Life Sciences, Vienna, Austria). NP data was
always collected in the time-resolved analysis (TRA) mode. On the
NexION 350, the Syngistix Nano Application Module was also used. The
instrumental settings and conditions are summarized in Table 1.
HR-spICP-MS measurements on the NexION 350 produced millions
of data during the acquisition time. Thus pre-processing of the collected
data was neccessary prior to the statistical evaluation. For this purpose,
we developed and used a macro-based program, written in Visual Basic
for Applications (Microsoft, USA). This program counted individual
particle events in the dataset and calculated the transit time of their ion
cloud. Particle discrimination was based on the condition that a particle
peak should be preceeded and followed by at least three datapoints
with zero signal. The transit time was then calculated as the product of
the number of data points in that event and the dwell time. The total
particle signal for a given NP detection event was obtained as the sum
of time-resolved signals in that event.
The data processing for spICP-MS measurements with normal (6 ms)
time resolution and the statistical evaluation of all spICP-MS data was
performed in Origin 8.5 (OriginLab, USA). Data evaluation in spICP-MS
typically involves the plotting of signal histograms (counts vs. fre-
quency diagrams). For Agilent 7700x TRA data, we use background
correction by subtracting the mode of the background peak (ﬁttable by
a Possion function) from the mode of particle peak (ﬁttable by a log-
normal function). The TRA data output by the NexION software has no
background. All histogram operations were carried out using unit bin
sizes.
2.2. Materials and methods
For spICP-MS size calibration purposes, a series of standard PELCO
NanoXact nano-dispersions containing tannic acid capped gold and
silver NPs obtained from Ted Pella (Redding, California, USA) were
used. The certiﬁed size of the gold NPs used were 28.8, 39.3, 61.3 and
75.4 nm, whereas the diameter of the silver NPs were 43.4, 59.0, 82.1
and 95.7 nm. Sodium citrate stabilized, silver-shelled gold nanospheres
with 79.0 nm diameter (51.0 nm core diameter and 14.0 nm shell
thickness) were obtained from NanoComposix (San Diego, USA).
Gold-silver alloy nanoparticles - with 40:60, 60:40 and 80:20 M
ratios – have been synthesized with the combination of co-reduction of
gold and silver salts and seeded growth methodology [25]. The com-
position of alloy nanoparticles was controlled by changing the ratio of
Au and Ag precursor salts. Stabilization of the particles was achieved by
sodium citrate that also acted as a reducing agent during the synthesis.
Table 1
ICP-MS instrumental settings and conditions.
Parameter/device NexION350 Agilent 7700x
RF power 1400 W 1550 W
Plasma gas ﬂow rate 16.0 L/min 15.0 L/min
Carrier gas ﬂow rate 1.05 L/min 1.05 L/min
Plasma sampling depth 4 mm 10 mm
Dwell time in TRA mode 20 µs 6 ms
Acquisition time in TRA mode 100 s 100 s
Nebulizer MicroMist MicroMist
Spray chamber Cyclonic Scott double-pass
Isotopes monitored 107Ag, 197Au
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In order to avoid the additional reduction of the added metal salts (and
hence the further growth of the nanoparticles) between every growing
step, the colloids were puriﬁed by centrifugation at 13,000 rpm for
20 min. TEM images of the synthesized NPs were recorded on Tecnai
G2 transmission electron microscopy instrument at 200 kV accelerating
voltage and they were analyzed by using the ImageJ open-source
software. The TEM images and the size distribution histograms for the
alloy particles are shown in Fig. 1.
The nanodispersions were prepared for measurement in approxi-
mately 5·104 mL−1 particle concentration always prepared prior to the
experiments by using dilution of the stock colloids with trace quality
de-ionized labwater (MilliPore Elix 5 with Synergy, Merck, Darmstadt,
Germany). Before dilution and also directly before aspiration into the
ICP-MS, the nanodispersions were sonicated in an ultrasonic bath
(Bransonic 300, Ney, Danbury, Connecticut, USA) in order to minimize
particle aggregation.
Ultratrace quality HCl and HNO3 acids (VWR Chemicals,
Pennsylvania, USA) were used for sample preparation for solution-
mode ICP-MS measurements. This sample preparation included the
dissolution of the composite NPs, which was carried out by heating the
sample at 170 °C in aqua regia. The digestion time was one hour, be-
cause by progressively changing the duration of the digestion, it was
found that one hour gives maximum analyte concentrations.
Calibration in solution-mode was performed using the Agilent Multi-
Element Calibration Standard-3 (for gold) and Inorganic Ventures IV-
ICPMS-71A (for silver). The 99.996% purity argon gas used was ob-
tained from Messer Hungarogáz (Hungary).
3. Results and discussion
3.1. Quantitative determination of the composition
The determination of the concentration of the component elements
in composite NPs is usually done in the literature either by energy
dispersive X-ray spectroscopy (EDS) in an electron microscope (SEM or
TEM), or by X-ray photoelectron spectroscopy (XPS) or solution-mode
ICP-MS [26,27]. The single particle ICP-MS technique has the potential
to become a practical and eﬃcient alternative [16], therefore we car-
ried out comparative measurements to assess its accuracy and precision
in the case of Au-Ag alloy BNPs. We tested the performance of spICP-MS
with normal time resolution (6 ms) against two solution-mode ICP-MS
approaches: i) direct NP nebulization and ii) conversion of the nano-
dispersion to a real solution by acid dissolution of the NPs. The analyses
were performed under the conditions described below.
3.1.1. spICP-MS analysis (Method A)
Stabilized nanodispersions were diluted to the neccessary ca.
5·104 mL−1 concentration for the TRA analysis and directly nebulized
into the instrument. Since the Agilent 7700x does not support peak
hopping in TRA mode with ms-range dwell times, the Au and Ag con-
centration of bimetallic NPs were determined in two runs: one for silver
and one for gold. Separate size calibrations were carried out using
standard, monometallic spherical NPs. Consequently, the measurement
of the sample NPs provided a virtual particle diameter, that referred to
a sphere that contains the same amount of the metal as the amount
present in the bimetallic particle. Assuming bulk density, this data was
converted to mass and then to molar ratio.
3.1.2. Solution-mode analysis with direct particle nebulization (Method B)
The nanodispersions were prepared and nebulized into the instru-
ment the same way as in Method A, but the signal was collected in
regular solution-mode, with an integration time of one second.
Calibration of the instrument was performed using stock solutions of
gold and silver. The determined concentrations were then converted to
molar ratio.
3.1.3. Solution-mode analysis after the dissolution of particles (Method C)
In this method, the nanodispersions were digested in aqua regia and
then measured in the conventional way, using an integration time of
one second and aqueous calibration stock solutions of silver and gold.
The obtained Ag and Au concentrations were then converted to molar
ratio.
The results of this comparative performance assessment are shown
in Table 1. As it can be seen, the performance of Method B was very
Fig. 1. TEM images and size distribution histograms of the gold-silver alloy NPs (A: 40:60, B: 60:40 and D: 80:20 compositions) synthesized by the combination of co-reduction and
seeded growth methodology.
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poor. The relative error of the determined Au/Ag molar ratio was huge;
it varied from −50% to +150% and the relative standard deviation
was also the largest of the three methods (around 7%). The poor ac-
curacy of this approach is probably caused by two detrimental condi-
tions. First, although the plasma breaks down small enough (below ca.
200 nm) NPs completely [28,29], but the randomly arriving particles
generate signal spikes during the long (1 s) integration time that do not
add up to the same total integrated signal as the steady signal from a
solution. This causes both inaccuracy and imprecision. In addition, the
dead-time correction used to express the signal in counts per second
units in solution-mode also distorts the signal spikes from NPs [30].
Thus, Method B can not be suggested to be used for the quantitative
assessment of NPs, even if its minimum sample preparation need carries
some appeal.
Method C showed a balanced analytical performance: the relative
error of determination was around 10% or less, and the precision was
also good, around 3%. There are only two potential drawbacks of the
approach. One is its time-consuming sample preparation – it also has to
be considered that in the case of unknown NPs it requires the devel-
opment of an appropriate acid dissolution protocol (e.g. [16]). Acid
dissolution also introduces some risk of analyte loss and contamination.
The other drawback is the inability to diﬀerentiate between the dis-
solved and particle-bound analyte content of the original sample na-
nodispersion; e.g. if there are precursor residues in the nanodispersion,
the analytical concentrations will be positively biased. Of course, in
case of highly puriﬁed nanoparticles (e.g. by ultracentrifugation), such
as the ones synthesized in the present study, this problem was avoided.
Last, but not least, the performance of spICP-MS analysis (Method
A) was more than up to par with that of Method C. It provided the same
level of accuracy, but combined with a better precision. This good
performance is made possible by that the ratio of signal is calculated
from up to several thousands of particles detected within the 100 s
acquisition time, and the measurement is done under the most com-
parable conditions. In addition, spICP-MS measurements are largely
free from the inﬂuence of dissolved contaminants in the nanodispersion
and the analysis is fast, as sample preparation is reduced to a simple
dilution. (Table 2)
3.2. High resolution signal time proﬁles of monoelemental particles
As a step towards the investigation of the structure of spherical
BNPs, we studied the attributes of the high resolution signal time proﬁle
for monoelemental gold and silver spherical nanoparticles, with parti-
cular regards to the transit time of the ion cloud through the instrument
and the shape of the signal time proﬁle. The inﬂuence of instrumental
parameters (e.g. plasma RF power, carrier gas ﬂow rate, sampling
depth, etc.) on the signal proﬁle was not investigated here, as these
eﬀects were already covered in the literature [24,30].
In order to obtain reliable, characteristic data, we applied ﬁltering
according to the total NP signal (the integrated signal for one NP de-
tection event in the HR-spICP-MS) and the transit time. This was exe-
cuted by only retaining those time proﬁles from the collected dataset
which produced a) a total NP signal equal to, within a± 10% tolerance
range, the mode (maximum) of the lognormal function ﬁtted to the
signal histogram, and b) the same transit time within a±10% toler-
ance range. The resulting dataset still contained proﬁles for hundreds of
nanoparticles, thus was considered to be characteristic and re-
presentative. As an example, Fig. 2 shows the average signal time
proﬁle for an 80 nm Ag NP. The shape of the proﬁle is fairly Gaussian,
in accordance with earlier observations [31].
With respect to the transit time of the ion cloud, we found that it
correlates fairly linearly with the particle diameter (Fig. 3.), as it can be
more or less expected. This indicates that not only the total NP signal,
which is conventionally employed in spICP-MS, but also the transit time
can serve as the basis of size (diameter) determination for spherical
nanoparticles.
It can also be noted that since it is reasonable to assume that the
transit time converges to zero with the decrease of the particle size, it
seems that the plots converge towards zero in an order higher than
linear. This is probably due to some eﬀects that aﬄict the detection of
particles near the size detection limit more severely - it is suspected that
one of these eﬀects is that the background correction on the NexION is
slightly overestimating the background level [18], which is generally
beneﬁcial, but shortens the apparent transit time of the smallest par-
ticles more than that of the larger ones.
A further observation can also be made with respect to the data
shown in Fig. 3. The transit time for the same particle diameter is longer
for gold than for silver. The diﬀerence is signiﬁcant: it is about 23% for
a 40 nm particle and about 31% for a 80 nm particle (the slope of the
ﬁtted line is approximately twice as large for gold than for silver).
Beside the particle size, there are several physical processes too,
which can inﬂuence the transit time of the ion cloud. These processes or
particle characteristics are usually investigated in the literature in terms
of the sensitivity of ICP-MS or spICP-MS measurements (e.g. [30–34]),
but they are also related to the transit time. The temperature and en-
thalpy of melting and boiling, as well as the ionization energy all in-
ﬂuence the eﬃciency, but also the rate of ionization. A lower value of
Table 2
A comparison of the analytical performance of three approaches used for the determination of the quantitative composition of Au-Ag bimetallic NPs. Method A: spICP-MS analysis;
Method B: Solution-mode ICP-MS analysis with direct particle nebulization; Method C: Solution-mode ICP-MS analysis after particle dissolution. Precision data are based on the standard
deviation from three replicate analyses.
Method A Method B Method C
Particle Nominal Au/Ag molar ratio Found Au/Ag molar ratio Precision Found Au/Ag molar ratio Precision Found Au/Ag molar ratio Precision
Au-Ag core-shell 0.7500 0.6895 0.0058 0.3579 0.0269 0.7234 0.0211
Au-Ag alloy (40:60) 0.6667 0.7444 0.0111 1.639 0.0880 0.7560 0.0254
Au-Ag alloy (60:40) 1.500 1.585 0.0358 3.207 0.1988 1.586 0.0531
Au-Ag alloy (80:20) 4.000 3.934 0.0838 10.11 0.7976 4.320 0.1650
Fig. 2. Average signal time proﬁle for an 80 nm nominal diameter spherical Ag nano-
particle.
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these constants generally means earlier evaporation and ionization in
the plasma, which translates into a longer signal pulse duration, be-
cause there will be more time left for the diﬀusion of ions during the
transit. In the case of the present analytes, all these constants are
smaller for silver than for gold [35], which would suggest longer transit
times for silver NP batches. Graham's law, originally formulated for
gases, can also be applied to assess – as a ﬁrst estimate - the relative
diﬀusion of analyte ions in the plasma. The law states that the relative
rate of diﬀusion is inversely proportional to the ratio of the square-roots
of the atomic masses. Here, this ratio is 1.35 to the advantage of silver
again, so all physical processes suggest that silver NPs should produce
longer transit times, contrary to our observations.
Although at present we can not oﬀer a full explanation to this
phenomenon, but we believe that charge-transfer reactions occurring in
the plasma can contribute. Namely, signiﬁcant signal enhancements (up
to 600%) for certain high ionization energy elements, including gold,
were observed in the literature for solution ICP-MS when carbon-con-
taining solutions were measured (i.e. aqueous solutions containing
glycerol, citric acid, potassium citrate, ammonium carbonate, etc.)
[36,37]. These eﬀects were associated with charge-transfer reactions
involving carbon species in the plasma. Although these eﬀects have not
yet been studied for NPs in spICP-MS, but considering that generally all
nanodispersions, including the ones used in the present study, contain
organic additives for steric stabilization (e.g. tannic acid, polyacrylic
acid, citrate, etc. [20]), it seems to be reasonable to assume that the
eﬀect is also present in spICP-MS analyses. The very fast and more
complete ionization of gold NPs (gold normally has only ca. 51% io-
nization degree in the ICP plasma [38]) could indeed result in a sig-
niﬁcantly longer transit time as expected based on the physical con-
stants only.
3.3. High resolution signal time proﬁle of Au-Ag bimetallic NPs with
diﬀerent structure
As it has been shown by Montaño et al. [18], high resolution spICP-
MS can provide an extra piece of information about BNPs. By per-
forming TRA analysis on two isotopes (e.g. the NexION is capable for
this with 100 µs dwell time settings), evidence can be obtained about
that the two elements are present in each particle (so that the dispersion
does not simply contain a mixture of two, monoelemental NPs).
Our intention was to test if HR-spICP-MS can actually provide even
more information about the structure of BNPs; namely, if it is possible
to assess whether an unknown BNP is a homogeneous alloy or a core-
shell type spherical particle. This information can potentially be ob-
tained by the investigation of the high resolution signal time proﬁles as
it is supported by geometry calculations outlined below.
Signal peaks recorded with short dwell times „slice up” the total NP
signal. Tentatively assuming that a spherical NP gives rise to a spherical
ion cloud, the signal in each dwell time window will be proportional to
the mass of analyte in the spherical caps sampled. As is known, the
volume of a spherical cap can be calculated as
=
−V πh R h(3 )
3cap
2
where R is the radius of the sphere and h is the height of the cap. For
easier referencing, we introduce D as the diameter and express the
volume as a function of x (the variable describing the distance of the
sectioning plane from the center of the sphere), where x= R-h. Now the
formula reads
=
− +V x π D D x x( ) ( 3 4 )
12cap
3 2 3
and x is only considered to run from 0 to R. The signal in each dwell
time (τ) window will be proportional to the volume of a spherical
segment at a radial distance of x with a height of ∆x . This volume can
be calculated as
∆ =
− +
−
− + ∆ + + ∆
=
+ ∆ + + ∆ + ∆
V x x π D D x x π D D x x x x
πx π x D x πx x π x
( , ) ( 3 4 )
12
( 3 ( ) 4( ) )
12
8 3 ( 4 ) 12 4
12
segment
3 2 3 3 2 3
3 2 2 2 3
where∆x is the distance equivalent of the dwell time (∆ =x v τlin gas flow, ).
It has to be noted, that the ICP-MS signal is actually proportional to the
number of analyte atoms (or analyte mass) in that segment volume, but
the volume can be easily converted to analyte mass by using the density
(e.g. bulk density), so for the sake of simplicity, we will keep calculating
the volume here.
In the case of a core-shell bimetallic nanoparticle, idealistically we have
two concentric spheres with diameters d and D for the core and the shell,
respectively. The signal for the analyte in the core segment will be pro-
portional to the volume of the spherical segment of a sphere with a diameter
d, whereas the signal for the shell segment can be calculated as the diﬀer-
ence between the volume of the segments for the two spheres. The corre-
sponding formulas are
∆ =
+ ∆ + + ∆ + ∆V x x πx π x d x πx x π x( , ) 8 3 ( 4 ) 12 4
12segment core,
3 2 2 2 3
∆ =
+ ∆ + + ∆ + ∆
−
+ ∆ + + ∆ + ∆
V x x πx π x D x πx x π x
πx π x d x πx x π x
( , ) 8 3 ( 4 ) 12 4
12
8 3 ( 4 ) 12 4
12
segment shell,
3 2 2 2 3
3 2 2 2 3
By plotting the volume segment functions for x in the range from 0
to D/2, one can obtain a representation of the falling part (trailing half)
of the NP signal time proﬁle for the two analytes. The full HR-sp-ICP-
Fig. 3. Correlation of transit time with the diameter for gold (A) and silver (B) spherical nanoparticles. Error bars in the y direction indicate standard deviation from three repeated
measurements.
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MS time proﬁle can be represented by mirroring the plot in the x di-
rection, in order to account for the rising half of transient NP signal too.
Before use, these volume plots also have to be converted to analyte
mass and then to the number of the monitored isotopes (197Au and
107Ag) considering the density and the isotopic abundance pattern for
the given element. During these calculations, we used bulk Au and Ag
density values in the case of a core-shell segments. For the homogenous
alloy particle, the density is not known, so we were forced to use an
estimation which considers Au and Ag atoms to ﬁll the space in the
segment volume according to their molar ratio. The curves shown in
Fig. 4a. and c. were produced by these calculations for a given particle
composition. Please note that no correction for the ionization and de-
tection eﬃciencies were employed. For comparison purposes, recorded
signal time proﬁles for the same particle compositions are also shown in
Fig. 4b. and d. The presented signal proﬁles were calculated by aver-
aging, after executing the ﬁltering described in Section 3.2. Since we
wanted to record the time proﬁles with the highest possible resolution
(20 μs), we could not opt for the „parallel” detection of both monitored
element, hence the Au and Ag were recorded in two consecutive runs,
for the same particles and are shown time-centered. The time scale in
the plots was adjusted to a 400 μs total signal duration, a realistic value
based on Fig. 3.
Although the above outlined simple geometry model can not be
expected to describe the signal time proﬁles with high accuracy, but the
scrutiny of panels in Fig. 4. clearly reveals that i) the calculated and
recorded time proﬁles show similarities, and ii) homogeneous alloy and
core-shell BNPs can be indeed discriminated. Component elements in
the homogeneous alloy particles give rise to signal proﬁles that have
comparable shape and duration, as boded by the geometry model (cf.
Fig. 4a and b.). In contrast to this, the signal proﬁle for the core element
in a core-shell particle is shorter than that of the shell element (ca.
125 μs as opposed to a ca. 150 μs, in terms of FWHM). In addition, the
signal peak for the shell element is somewhat ﬂat-topped in Fig. 4d., as
in the modeled proﬁle in Fig. 4c. It should be added that the elongation
of the Au signal proﬁle relative to Ag (confer Fig. 3.) can be also de-
tected in Fig. 4b. and d. In Fig. 4b, the width of the Au peak is actually
ca. 10% larger than that of Ag and the shortening of the Au proﬁle in
Fig. 4d. is also less pronounced than what is projected by the model.
In summary, by studying the shape and duration of the high re-
solution spICP-MS signal peaks, it is possible to determine whether an
unknown BNP particle is of homogenous alloy or core-shell structure,
and in the case of the latter, which element of the two forms the core.
4. Conclusions
We have shown that by combining normal and high resolution
spICP-MS measurements, valuable information can be obtained about
spherical bimetallic nanoparticles. By the scrutiny of high resolution
spICP-MS signal time proﬁles, it can be reliably determined whether an
unknown BNP is of homogeneus alloy or core-shell structure and that,
in the case of the latter, the core comprises of which element. On the
other hand, the quantitative composition (the molar ratio of the two
component elements) in the nanoparticles can be determined with good
accuracy and precision by normal resolution spICP-MS analysis. The
analysis is fast and only requires the usual standard colloids for size
calibration. Combining the results from both quantitative and structural
analyses and performing simple algebra on the data can even provide
the core diameter and shell thickness for core-shell particles.
Fig. 4. Calculated and measured high resolution (20 μs) signal time proﬁles for Au-Ag bimetallic nanoparticles of diﬀerent structure. Panels A and B show the calculated and measured
proﬁles, respectively, for a Au-Ag 40:60 homogenous alloy particle. Panels C and D show the proﬁles for a 80 nm diameter core-shell nanoparticle (50 nm Au core with 15 nm Ag shell).
All shown measured proﬁles are average proﬁles for all particles giving rise to the same total NP signal. Calculated proﬁles are based on the simple geometrical model described in the text
and are shown on the ordinate with the number of 197Au or 107Ag atoms to be detected theoretically in each dwell time segment, uncorrected for the ionization and detection eﬃciencies.
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It has to be emphasized that the accuracy of the above analyses is
contingent upon the knowledge and accuracy of some particle data, ﬁrst
of all the density (the extent of compactness). According to the con-
vention also used in other calculations with nanoparticles, the bulk
density and full compactness can be employed as ﬁrst estimates, but
realistic bimetallic nanoparticles every so often are less compact and
therefore have a density diﬀerent from bulk. In addition, the similarity
of the nanoparticles in the batch (reﬂected in e.g. size and composition
distributions) is always limited, thus the reasonable expectation can
only be here to obtain a characteristic composition or structure. The
achievement of this necessitates some ﬁltering of the spICP-MS data –
exempliﬁed in the present study by ﬁltering the signal time proﬁles for
the same total particle signal.
Interesting observations were also made with respect to the transit
time of the ion cloud for monoelemental spherical Au and Ag nano-
particles. By using an in-house developed data evaluation software, it
was found that the width of the signal peak linearly correlates with the
diameter of spherical nanoparticles. At the same time, it was also ob-
served that the width of signal peaks for same-size nanoparticles is al-
ways signiﬁcantly larger for Au than for Ag. This phenomenon is
thought to be related to charge-transfer reactions involving carbon
plasma species originating from the stabilizing organic compounds ty-
pically present in nanodispersions. The origins of this and other pecu-
liarities of high resolution signal time proﬁles related to the composi-
tion and structure of nanoparticles are in progress in our laboratory.
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